The electronic gap structure the organic molecule N,N'-diphenyl-N,N'-bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine, or TPD, has been studied by means of a Scanning Tunneling Microscope (STM) operated under ambient conditions, and by Photoluminescence (PL) analysis. Thousands of current-voltage characteristics have been measured at different spots of the sample showing the typical behavior of a semiconductor. The analysis of the curves allows us to construct a gap distribution histogram which reassembles the PL spectrum of this compound. Our analysis shows that in the TPD films most of the observed distribution of the gap comes mainly from an uncertainty in the position of the LUMO levels of the molecular compound as would be expected from theory. This analysis demonstrates that STM can give relevant information, not only related to the expected value of a semiconductor gap, but also on its distribution which affects its physical properties such as the case of the PL and absorption distributions as here is reported.
Local variations of the Density of States of a material can give rise to small changes of its physical properties which turn into a macroscopical uncertainty when averaged. This study drove Binning and Rohrer to develop a new tool to make electronic spectroscopy at the local scale which became the basis of a new microscope, the Scanning Tunneling Microscope (STM).
1,2 Different spatially-resolved spectroscopic methods were implemented to this technique, generically known as Scanning Tunneling Spectroscopy (STS), 3, 4 through the analysis of the differential conductivity, providing the possibility of measuring the surface local density of states (LDOS). Over the two last decades, different groups have studied through STS different materials to characterize the electronic properties of surfaces and adsorbed molecules starting from the early measurements on semiconducting surfaces 3 or molecular materials. 5 It was in the study of the spectroscopy of semiconductors where it was also noticed a drawback of this technique, as the band gap was showed to be often misestimated due to band bending effects present in these materials 3, 6 and different normalization procedures 3, [7] [8] [9] have to be used in order to obtain useful information.
A general procedure in STS measurements on molecular films is to average curves obtained over large areas in order to minimize effects on the LDOS due to local differences in morphology. 10 As a result, in most of the studies a representative I-V curve is obtained, which gives information on the gap structure or on the different molecular levels of the molecular assembly, while the deviations from this value, that can be observed from the individual spectroscopic curves, are neglected. However these dea) Electronic mail: untiedt@ua.es viations, which are reflected in other spectroscopic techniques as in the case of the Photoluminescence (PL) characteristics, can give us information on the distribution of the LDOS, which deviates from its ideal one due to the local environment, impurities or defects.
11 In this letter we address this issue by comparing the Gap distribution obtained by STS on a molecular material to its PL spectrum.
In order to make our study we have chosen the extensively studied organic molecule N,N'-diphenyl-N,N'-bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine, or TPD, which is a prototypical organic compound used in multilayer emitting devices as a hole transporting material. 11, 12 An interesting characteristic of this compound is its large Stokes shift of about 0.5 eV, what gives TPD a high transparency to its PL making it a good candidate for laser applications.
13
On the other hand, the intermolecular distances in its crystalline phase are rather large 14 and therefore the intermolecular interactions should play a minor role for the photophysics 15 For our experiments, TPD films were evaporated simultaneously on 2.5x2.5 cm 2 fused silica substrates and on flame-annealed gold (111) deposited on glass. The fused silica substrates were used to obtain the absorption and PL spectra of the compound. Absorption was measured in a Jasco V-650 spectrophotometer and the PL in a Jasco FP-6500/6600 fluorimeter, with the samples excited at 355 nm (3.49 eV) i.e. at the maximum energy of the lowest absorption band. For the electronic characterization of the sample surface we have used a homemade STM, built in the LT-Nanolab at the University of Alicante with a PtIr tip, controlled with a Dulcinea Unit from Nanotec and the WSxM 5.0. 16 All experiments were done under ambient conditions. For the analysis of the curves, including Gap value and Fermi Energy, we have used the WSxM 5.0 and the shared-free program HiTim 17 .
FIG. 1.
Typical STM image on the TPD films using a tunneling current of 10 −10 A. The upper half of the image has been acquired using a positive Bias Voltage to the tip of 3V while for the lower part 100mV have been used. In the low-bias case the Au (111) substrate is imaged and the atomic terraces of gold are clearly seen since on these conditions TPD is non conductive.
An example of the obtained STM images is shown in Figure 1 . These were performed on the TPD films using a positive Bias Voltage at the tip of about 3V above the expected energy gap of the TPD, and low currents (∼ 1 − 5 · 10 −10 A). It has to be noticed that when a small Bias Voltage was used (∼ 100mV) we could resolve, in most of the cases, the Au (111) surface as there the TPD was not conducting (Shown in the lower part of Fig. 1 ). The STM images show large areas of an homogenous flat film with hight differences of no more than 2 nm, separated by a sort of grain boundaries and other topographic details coming from the substrate topography. In general, the TPD film smoothness the roughness of the substrate. On this conditions I-V curves can be taken at different randomly distributed spots on the sample. We have performed these measurements over three different samples showing similar results.
The upper panel of Figure 2 shows a typical I-V curve as obtained from our STM. It is possible to get information on the LDOS from the derivative of the I-V curve. In our case we used the normalization procedure by Stroscio et al., 3 where the differential conductance is divided by the conductance (dI/dV )/(I/V ). It is important to stress here that special care had to be done in order to reduce the zero current point and the electrical noise to a level that would not influence the position of the spectroscopic peaks. In our case, by this simple nor- malization procedure, three strong peaks are obtained which are labeled 1-3 in the upper panel of Fig. 2 . In order to minimize band-bending effects we have tried to perform the curves with the tip as far from the sample as possible, by using low tunnel currents of about ∼ 5·10 −10 A. We have also checked the evolution of these peaks, as we increased the tunnel current for more than one order of magnitude, finding no significant variations (< 2%).
The three peaks observed in the normalized derivative in Fig. 2 .a correspond to the maximum of the LDOS coming from the molecular bands of the TPD. The first peak (1) is related to the top of the valence band related to the HOMO levels, being the closest to the Fermi energy thus confirming the n character of the semiconductor. The other two peaks, at positive Voltage values, are related to two electronic levels at the LUMO (2 and 3) which could correspond to the bottom of the conduction band of the ground(3) and excited (2) states of the molecules. The levels above define the two possible electronic gaps of the molecules. In this way, the mean distance between peaks (1) and (2) is of 2.9 ± 0.2 eV and between peaks (1) and (3) of 3.3 ± 0.2 eV defining respectively the main emitting and absorption peaks in the PL curve of the TPD (See continuos line on Fig. 3) .
The "characteristic curve" of the TPD described above, however, shows slight shifts when taken at different spots of the sample. In Fig. 2 .b we have plotted, for the case of one of the samples, over two hundred I-V curves together in a density plot with the current in logarithmic scale to visualize the emission gap. A dispersion of the values at which the electrical current becomes negligible is clearly seen around the average value which define the average gap (in dark). In this case, we already can see in this plot that most of the uncertainty comes from the position of the LUMO levels which show a Gaussian distribution centered at 1.9 ± 0.2 eV, 18 while the HOMO is pined around 1.15 ± 0.09 eV, below the Fermi energy. This difference in the uncertainty of the two levels may come from the fact that the HOMO level is mostly localized on the central part of the molecule and is thus hardly sensitive to ring twists on the periphery of the molecule. 19 Furthermore, the strongest dependence of the LUMO levels to the dihedral angle of the molecule 15 could make these more sensitive to its environment.
In order to quantify the distribution of the gap through the sample, we have made a histogram out of the values obtained from the I-V curves as shown in Figure 3 . Remarkably, the measured electronic gap correspond to the PL curve of the sample with about the same uncertainty. Moreover, when the gap defined by the HOMO and the second LUMO peak is plotted, its histogram reassembles the absorption curve of the molecular material.
The slight shift of the gap distribution with respect the PL (less than a 5%) may come from small deviations in the determination of the gap, coming form band bending effects. It is also very interesting to notice that occasionally we noticed a proportion of I-V curves giving band gap values well above the PL peak. This may be related to areas of the surface where the TPD molecules are not able to change their conformation and are not contributing to the Photoanalisis. In this aspect, the STM analysis give us some extra information on the molecules, not given by other techniques and here the study of the whole gap distribution is essential to get this kind of in- formation. The results above were reproduced for the three samples and STM-tips used in our studies. However, we could notice slight variations in the position of the HOMO and LUMO peaks or in their distributions but not in the gap defined by these. These variations could be attributed to differences in the tip that should be further studied. All the above shows that the STM characterization of the molecular film is not only telling which are the main electronic levels responsible, in this case, for the PL and absorption characteristics, but one also can learn from its distribution: first, about the levels which are most affected by the environment or configuration of the molecules and secondly, about the influence on the width of the luminescent characteristics of the material.
In conclusion, we have shown that the characterization of the gap distribution, neglected up to now, of an organic semiconductor by STM can provide useful information that can help understanding the results provided by other physical measurements, such as PL. In the case of our analysis of TPD films, we have fully characterized its electronic density of states around the gap by using a STM. The position with respect the Fermi energy of the valence and conduction bands coming from the HOMO and LUMO levels of the molecules have been studied through our samples and the levels responsible for the PL and absorption have been identified. We show that there is a source of uncertainty of the gap which comes mainly from a distribution in the LUMO levels of the molecular semiconductor, while the HOMO levels are shown to get a more defined value. This new source of uncertainty can complement the ones reported by other authors, 15 providing a more complete picture of this effect and the possibility of better controlling it.
